Introduction

12
Protein prenylation is the post translational modifica-13 tion leading to an attachment of a 15-carbon farnesyl or 14 20-carbon geranylgeranyl isoprenoid chain to a cyste-15 ine residue in a protein by a tioether bond. Three 16 enzymes catalyse this modification: Farnesyl transfer-17 ase (FT), Geranylgeranyl transferase I (GGT I) or Rab 18 geranylgeranyl transferase (RGGT syn. GGT II). The 19 cysteine is localized in a conserved amino acid motif at 20 the C-terminus of the polypeptide and the recognised 21 sequence is specific for each of the enzymes. FT and 22 GGT I recognize the -CAAX motif (cysteine, two 23 aliphatic amino acids, any amino acid) and RGGT
AQ4
24 recognizes the group of motifs -CXCX, -CCXX or 25 -XXCC. RGGT is an enzyme responsible exclusively 26 for prenylation of proteins belonging to the Rab 27
GTPase family. The RGGT complex is built of two 28 subunits: a and b forming a catalytic core and an 29 accessory, substrate presenting protein -Rab Escort 30
Protein (REP). The double geranylgeranylation 31 enables the proper localization of Rab proteins in the 32 cell membranes. Unmodified Rabs localize to the 33 cytoplasm where they are unable to perform their 34 normal function in vesicle budding, transport and 35 fusion. 36
The RGGT activity was discovered in 1980s and 37 since then has been the subject of increasing attention. 38
Many interesting aspects of the enzyme structure, 39 mode of substrate recognition and involvement in 40 pathophysiology of human disease have been thor-41 oughly reviewed in earlier articles by Alory and Balch 42 (2001) , Leung et al. (2006) , Hutagalung and Novick 43 (2011) , Nguyen et al. (2010) and Coussa and 44 Traboulsi (2011) .
45 In the present article we would like to focus on new 46 findings concerning the holoenzyme structure and 47 mechanism of catalytic activity, its mode of regulation 48 and consequences of RGGT deficiency in different 49 eucaryotic model organisms and patients.
50
The structure of RGGT 51 Crystallographic studies on the structure of Rab 52 Geranylgeranyl Transferase (RGGT) have started 53 more than a decade ago with the release of the structure 54 of the heterodimer of the a and b subunits of the rat 55 enzyme . So far, efforts to obtain the 56 structure of the whole complex of RGGT ab hetero-57 dimer together with Rab Escort Protein (REP) bound 58 to Rab protein and prenyl substrate (geranylgeranyl 59 diphosphate GGPP) or prenylated product have not 60 been successful due to the low diffraction of a crystal 61 of such a multidomain complex (Rak et al. 2001 , 62 Wu et al. 2009 ). Structures of distinct functional 63 modules of the complex (ab heterodimer of RGGT 64 , REP/monoprenylated Rab7 65 (Rak et al. 2004) , REP with ab heterodimer 66 (Pylypenko et al. 2003 ) and structure of a ternary 67 complex with truncated a subunit (Guo et al. 2008) 68 have been solved experimentally leading to a detailed 69 computational model of the whole Rab geranylgera-70 nylation machinery from mammals (Wu et al. 2009). 71 No structures of the enzymatic complex from other 72 organisms have been solved so far. Literature data on 73 the structure of the RGGT holoenzyme and the 74 catalytic mechanism of the RGGT enzymatic complex 75 are summarized in a following chapter. 76 a subunit of RGGT
77
The rat a subunit of RGGT (RGGTA) is very similar 78 to the corresponding a subunit of farnesylprotein 79 transferase (FT), containing 15 a-helices arranged in 80 a crescent-shaped, double layered right-handed super-81 helix, enveloping the beta-subunit . 82
Structurally it can be classified as a tetratricopeptide 83 repeat (TPR) superfamily protein. ysis showed that the one and only duplication event of 85 CAAX prenyltransferase a subunit leading to RGGTA 86 subunit must have happened and the diversification 87 preceded the split of the eukaryotic main groups 88 (Rasteiro and Pereira-Leal 2007 (Pylypenko et al. 2003) as 106 was suggested earlier . This 107 domain belongs to a class of C2-like domains which 108 are involved in signalling, vesicular transport and 109 modification of lipids (Nalefski and Falke 1996) . 110
C2s function in establishing phospholipid complexes; 111 sometimes they mediate protein-protein interactions 112 by direct binding to phosphotyrosine (Benes et al. 113 2005) . This domain is not present in the yeast ortho-114 logue and interestingly in a related a subunit of the 115 FT another domain, 3 10 helix, is inserted in the same 116 place. Only metazoa, plants and alveolata display 117 insertions of an IgG-like domain in this region of 118 RGGT. The domains in different groups of organisms 119 result from independent insertion or expansion 120 events. They are similar within taxonomical groups, 121 but different beyond recognition across taxa (Rasteiro 122 and Pereira-Leal 2007 (Kobe and Kajava 133 2001) . LRR in RGGTA is not universal, it is found 134 in some animals, angiosperms and alveolata. The 135 phylogenetic data point to multiple losses of this insert 136 during evolution (Rasteiro and Pereira-Leal 2007) . 137 RGGTA lacking the LRR and IgG domains is stable 138 in a dimer with RGGTB subunit and shows prenyla-139 tion activity comparable to a wt enzyme (Guo et al. 140 2008) . The arrangement of the TPR domain of 141 RGGTA subunit with the RGGTB subunit in the 142 truncated enzyme is nearly identical to the structure of 143 the intact complex.
b subunit of RGGT
145
The b subunit of RGGT (RGGTB) of rat is an a-a 146 barrel composed of 12 a-helices, resembling the fold 147 of the b subunit of farnesyltransferase (FT) and ger-148 anylgeranyltransferase I (GGT I) . 149 Generally, the b subunits are more conserved than the 150 a ones. The isoprenoid (geranylgeranyl diphosphate 151 [GGPP] ) is held in the hydrophobic binding cleft 152 buried in the barrel that is formed by the conserved 153 aromatic residues. The phosphate moiety binds in a 154 positively charged cleft that is located near the subunit 155 interface and is close to the catalytic zinc ion. Binding 156 of GGPP causes minor changes in the structure, 157 mostly in the hydrophobic pocket. The region of 158 binding of the phosphate group and carbons 1-12 159 is very similar to GGT I but the bottom of the cavity is 160 expanded, which makes RGGT more tolerant to the 161 substitution of the distal part of the isoprenoid chain 162 than other CAAX prenyltransferases (Nguyen et al. 163 2009 (Nguyen et al. 163 , 2010 (Waldherr et al. 1993 , Ragnini et al. 1994 (Rasteiro and Pereira-Leal 2007) . These inserts are 213 not similar to any other protein, in the crystal structure 214 of the rat enzyme they show no clear electron density 215 (Rak et al. 2004) . By computer analysis the inserts are 216 predicted to have disordered structure, and probably 217 the regions are natively unfolded (Rasteiro and Pereira-218 Leal 2007) . They might have a regulatory function. 219
Similarly, the very C-terminus of REP is disordered in 220 the structure of REP and RGGT heterodimer in the 221 absence of Rab (Pylypenko et al. 2003 ). It appears that 222 the REP 36 C-terminal amino acids form a lid covering 223 the CBR in the absence of Rab. In the structure of 224
Rab truncated of C-terminal tail, the two REP mole-225 cules swap C-termini (Rak et al. 2004 ). In the structure 226 of REP-Rab complex the C-terminus of REP interacts 227 with the C-terminus of Rab, albeit in an inverted 228 direction of polypeptide chain (Rak et al. 2004 (Rak et al. 243 2004) . Extension of the C-terminus by four or five 244 arbitrarily chosen residues after the prenylatable 245 cysteines does not decrease prenylation efficiency sug-246 gesting that substrate recognition is truly sequence 247 independent (Guo et al. 2008 ). The C-terminus 248 binding region (CBR) of REP appears to promote 249 prenylation by enabling the localization of the Rab 250 C-terminal cysteines in the vicinity of the RGGT active 251 site. Binding of GDP-bound Rab to REP structuralizes 252 the Rab Switch I and Switch II regions and strengthens 253 the interaction, slowing the rate of GDP to GTP 254 exchange. In the Rab GTP bound form, the structure 255 of Switch II has a different conformation that would 256 lead to a steric clash with REP. 257 Out of 32 residues forming contacts on the REP-258 Rab interface only six are specific for REP and not 259 GDI. Three of them are engaged in contacts with the 260 C-terminus of Rab. The specific residues are located 261 at the edges of the interaction interface (Rak et al. 262 2004) . REP protein may be mutagenized to perform 263 both REP and GDI-like functions but not vice versa 264 (Alory and Balch 2003) .
265
Prenylation of Rab proteins
266
The following data led to a proposal of a model of Rab 267 prenylation (Guo et al. 2008 Rab-REP complex. 296
It is possible to predict the influence of a mutation in 297 a particular site of interaction on Rab affinity towards 298 REP (Rak et al. 2004 , Guo et al. 2008 ). 299
However, so far it is still impossible to state arbitrarily 300 which Rab will have a higher affinity for REP in vitro, 301 since the binding surface is composed of many sepa-302 rated interactions, as described above. An even more 303 complicated situation is encountered in vivo, where 304 both the affinity of particular Rabs towards REP and 305 the number of molecular species competing for the 306 interaction must be considered. Therefore the influ-307 ence of REP (or RGGT) mutation on deficiency of 308
Rab proteins prenylation (all Rab species present in 309 particular cell/tissue) must be considered separately.
310
Some examples of cell or tissue specific influence of the 311 geranylgeranylation machinery are described in later 312 sections of this article.
313
Regulatory aspects of RGGT
314
Apart from the well documented function of the 315 RGGT complex machinery in Rab protein prenyla-316 tion, some unexpected regulatory links of protein 317 transport to other cellular processes have been found. 318
The best documented results come from yeast genetic 319 interaction screens, however, the precise mechanism 320 of how the Rab geranylgeranylation activity may be 321 related to other cellular processes has not always been 322
proposed. Nevertheless, vesicular transport facilitated 323
by Rabs seem to be coupled to pre-mRNA splicing 324 and nutrient sensing (Fujimura et al. 1994 , Jacoby 325 et al. 1998 , Bialek-Wyrzykowska et al. 2000 and Tyers 2009) in yeast Saccharomyces cerevisiae as is 327 described in later sections. On the other hand, the 328 whole process of Rab geranylgeranylation in yeast is 329 strictly dependent on the GGPP substrate availability 330 (Miaczynska et al. 2001 ) and the genes responsible 331 for GGPP synthesis are often found in genetic 332 screens together with the RGGT complex (Newman 333 and Ferro-Novick 1987 , Vincent et al. 2003 , Singh 334 and Tyers 2009 (Witter and Poulter 1996) . This phenomenon 361 may reflect differences in the concentrations of iso-362 prenoid metabolites in mammalian and fungal cells. In 363 the case of yeast RGGT Km for GGPP is 40 nM and 364 for prenylated Rab-REP or unprenylated Rab-REP 365 both Km are 200 nM, GGPP does not influence the 366 affinity of REP to RGGT, in contrast to the mamma-367 lian enzyme (Dursina et al. 2002) (Waldherr et al. 1993); how-435 ever, the precise mechanism has never been elucidated. 436
In parallel to the aforementioned mrs6 genetic inter-437 action, the same gene (formerly called msi4) was disco-438 vered as a multicopy suppressor of the ira1 mutation in 439 yeast (ira codes for a GTPase activating protein for 440 ras2p, acting competitively with cdc25p guanine 441 exchange factor for ras2, and upstream from adenylate 442 cyclase in a pathway regulating response to the nutrient 443 supply). mrs6 overexpression reverts the heat shock 444 phenotype caused by accumulation of a high level of 445 cAMP, stimulation of protein phosphorylation and 446 lack of cell cycle arrest at G1 upon nutrient starvation 447 in an ira1 mutant strain (Fujimura et al. 1994 (Jorgensen et al. 2004) . 476 mrs6 protein exhibits a nutrient sensitive interaction 477 with sfp1. Overexpresion of mrs6p prevents nuclear 478 localization of sfp1 in rich nutrients and loss of mrs6p 479 causes nuclear localization of sfp1 even in poor nutri-480 ents. Unexpectedly, this effect is independent of 481 protein kinase C (Fujimura et al. 1994 (Si et al. 2001) . Protein phospha-562 tase PRL2 was found to specifically interact with the 563 RGGTB subunit in human HeLa cells and in yeast 564 two-hybrid system. The protein is natively farnesy-565 lated (but never geranylgeranylated) and the modified 566 form localizes to the early endosome while the 567 unmodified one is found in the nucleus. The inter-568 action is strongly dependent on an intact farnesyl 569 moiety and residues in the C-terminus preceding 570 the CAAX motif, since an unmodified protein or 571 one devoid of the C-terminus does not interact 572 with RGGTB. Binding of RGGTA and PRL2 to 573 RGGTB is mutually exclusive. By this means 574 PRL2 overexpression inhibits RGGT activity. This 575 suggests a cellular mechanism by which the activities 576 of protein prenyltransferases may be reciprocally 577 balanced. 578 A very recent report (Lachance et al. 2011) states 579 that the human RGGTA subunit interacts with a 580 dileucine motif in the b2 adrenergic receptor to reg-581 ulate its maturation and trafficking. The receptor 582 regulates Rab prenylation by RGGTA. The b2 583 adrenergic receptor co-localizes with RGGTA to 584 intracellular membrane compartments and the 585 plasma membrane. RGGTA binds the dileucine motif 586 in the b2 adrenergic receptor C-terminus known to be 587 involved in the transport of the receptor from the ER 588 to the cell surface. RGGTA has a positive role in 589 maturation and anterograde trafficking of the receptor 590 and the receptor modulates the geranylgeranylation of 591 some, but not all Rabs. The geranylgeranylation 592 function in RGGTA and the receptor maturation 593 competence are independent.
594
Pathophysiological manifestations of RGGT 595 activity impairment
596
The following section attempts to summarize the 597 consequences of RGGT impairment. Its structure 598 reflects composition of the RGGT holoenzyme. 599 Thus literature referring to the effects of the distur-600 bance in the cellular function of REP -the RGGT 601 accessory protein -is followed by the observations 602 concerning heterodimeric enzyme subunits. loss-of-function mutations leading to a truncated, 619 non-functional, or rapidly degraded REP1 protein 620 (Scriver et al. 1995) . CHM is an X-linked recessive 621 progressive retinal degeneration disease affecting 622 males and with milder symptoms in carrier females, 623 its incidence is 1 in 50,000. In CHM-affected males 624 night blindness is the most common first symptom in 625 childhood (first or second decade of life). As the 626 disease progresses constrictions of the visual field 627 and progressive loss of vision are noted. Most patients 628 are legally blind by their mid-40s (MacDonald et al. 629 1993) . In parallel to the changes of visual acuity fine 630 pigmentary changes with focal choroidal atrophy 631 appear around the equatorial fundus ('salt and 632 pepper' pattern) and degeneration progresses more 633 centrally (atrophy of the choroid and retinal pigment 634 epithelium, RPE) (Coussa and Traboulsi 2011). 635 Female carriers of CHM are mostly asymptomatic, 636 except for the enlargement of the blind spot and 637 with clinical findings resembling those of young 638 affected males (patchy fundal pigmentation). This 639 characteristics could be explained by the hypothesis 640 of unbalanced X chromosome inactivation (the pres-641 ence of embryologically distinct lines of photorecep-642 tors and RPE clones expressing either the mutant or 643 normal REP1 allele) or by the X-autosomal translo-644 cations of Xq21 (Coussa and Traboulsi 2011, and 645 references therein). Even though CHM is most often 646 an isolated ophthalmic disease a few reports of asso-647 ciated abnormalities resulting from defects in the 648 REP1 adjacent loci have been reported (manifested 649 as psychomotor retardation, birth defects, deafness, 650 cognitive deficit) (Coussa and Traboulsi 2011, and 651 references therein). 652 In humans CHM/REP1 loss-of-function mutations 653 result most often in eye disease; lack of symptoms in 654 other tissues is explained by the functional redun-655 dancy provided by the presence of REP2, CHML 656 (choroideremia-like) gene product with 75% amino 657 acid identity to REP1. REP-2 in mammals has 658 emerged presumably through reversed transcription 659 of REP-1 gene message and is devoid of introns that 660 makes it refractory to mutations at splicing sites. Both 661 REP1 and REP2 are ubiquitously expressed in human 662 tissues (Cremers et al. 1994) . Two possible explana-663 tions of CHM background have been suggested. The 664 first hypothesis suggests that prenylation of different 665 Rabs by REP1 and REP2 is performed with variable 666 efficacy. Consequently, REP2 efficiently compensates 667 for the loss of REP1 in all tissues except the eye where 668 a subset of Rabs, such as Rab 27a remains under-669 prenylated (Seabra et al. 1995) . According to the 670 second hypothesis the rate of prenylation of Rab27a 671 mediated by REP2 is only 2-fold lower than that 672 mediated by REP1; however, the affinity of Rab27a 673 is generally lower for both isoforms of REP. Compe-674 tition among all the cellular Rabs for REP2 upon 675 reduction of overall REP activity caused by the 676 absence of REP1 discriminates against those Rabs 677 of low affinity (Rak et al. 2004) . In contrast to 678 REP1, no disease resulting from the loss of REP2 679 has been identified so far. 680 Several studies have been performed aimed at iden-681 tification of the molecular cause of the disease. Most of 682 the pathogenic mutations reported so far in the human 683 CHM gene result in a complete loss of REP1 protein or 684 its function (MacDonald et al. 2004) . A few selected 685 reports are summarized below. In some CHM patients 686 the CHM reading frame is maintained but the protein 687 product lacks several amino acids belonging to the 688 structurally conserved regions thus the disease is prob-689 ably caused by the loss of function of the REP-1 protein 690 rather than by its absence (Garcia-Hoyos et al. 2008 , 691 Esposito et al. 2011 . Analysis of the functional effects 692 of some CHM mutations revealed a point mutation 693 L550P which results in an unfolded protein product 694 that is rapidly degraded. Analysis of the structure of this 695 and three other mutated (shortened by 150 C-terminal 696 amino acids or devoid of internal 473 or 100 amino 697 acids) REP1 protein variants based on homology 698 modeling (rat and human REP1 were superimposed) 699 explained the effects of mutations as a loss of the 700 REP1 essential activity or protein-protein interactions 701 (Sergeev et al. 2009 (Rodrigues et al. 1984) , however, the direct 725 connection with the dedicated Rab(s) remains elusive.
726 Rodents
727
Studies on rat tissues have revealed ubiquitous expres-728 sion of both REPs (Seabra, 1996) 795 It is suggested that the absence of full-length REP is a 796 lethal mutation in zebrafish and that once the mater-797 nal supply derived from the egg sac is exhausted, 798 RGGT dysfunction results in general cellular mal-799 function and death. Additionally, a pool of geranyl-800 geranylated Rabs of maternal origin might also persist 801 for a time resulting in prolongation of the shortage of 802 RGGT activity until the pool of prenylated Rabs had 803 turned over (Moosajee et al. 2009 ).
Invertebrates
805
It has been suggested that in a model invertebrate 806 Caenorhabditis elegans, the RGGT may function with-807 out REP activity, at least in some tissues (Tanaka et al. 808 2008) . rep-1 mutation is a single missense causing an 809 amino acid substitution (E107K). This is probably a 810 weak hypomorphic allele and not a null mutation. 
853
In yeast mrs6/msi4, a homologue of REP1, is an essen-854 tial gene (Fujimura et al. 1994) . The conditional 855 mutant is impaired in protein transport to the vacuole 856 on the ER to Golgi step. In mutant cells a soluble 857 form of Ypt1p (Rab) accumulated, because level of 858
Ypt1p geranylgeranylation was very low. mrs6 overex-859 pression caused a decrease in cell size on non-860 fermentable carbon sources (Ragnini et al. 1994 ) but 861 depletion caused an increase in cell size in poor nutri-862 ents (Singh and Tyers 2009 ). An opposite effect should 863 have been expected from a simple secretory system 864 perturbation. Repression of mrs6 while grown on glu-865 cose (fermentable carbon source) compromised cell 866 growth and caused a G2/M delay. Microscopic obser-867 vations of spores from a heterozygous mrs6 strain 868 (completely lacking one copy of the gene) show 2:2 869 segregation, the lethality was ascribed to the fact that 870 spores either did not germinate or underwent not more 871 than three cell divisions. A conditional mutant was 872 lethal under non-permissive conditions, so the gene is 873 important for both vegetative growth and germination 874 (Ragnini et al. 1994) . Overexpression of the mrs6 875 protein can suppress the thermosensitive phenotype 876 of the ypt N121I/A161V mutant but not the absence of 877 ypt1 protein (Ragnini et al. 1994) . Mutational analysis 878 of mrs6p led to the conclusions that mrs6p with 879 deletions in the non-conserved C-terminal amino 880 acid stretch or mutations in all but the first SCR 881 were able to rescue the mrs6 -/-conditional phenotype 882 (Bauer et al. 1996) . All the mutants sustaining growth 883 were tested for geranylgeranylation activity and each 884 showed a detectable (but sometimes lower than wt) 885 activity. Mutated mrs6p and ypt1p showed to interact 886 by the yeast two-hybrid assays and pull downs, 887 albait with different strength. Interestingly, the 888 C-terminal truncations of mrs6p lead to a protein 889 with higher affinity to the ER and Golgi membranes 890 (Miaczynska et al. 1997) . 891 Interesting studies, disclosing more information on 892 mrs6p function and the effects of single amino acid 893 changes in this important protein, are based on 894 mutant mrs6-2 (Bialek- Wyrzykowska et al. 2000) . 895 This mutant, with reduced prenylation even at the 896 permissive temperature, was constructed by random 897 mutagenesis, causing a double mutation in a con-898 served region. Shift to a restrictive temperature causes 899 no changes in growth of the mutant cells after 3 h, but 900 reduces the amount of some Rab (sec4p) but not 901 other (ypt1p) bound to membranes. For comparison, 902 a complete lack of mrs6p prevents transport and 903 causes the absence of Rabs on the membranes, 904 as was mentioned earlier (Fujimura et al. 1994 
